Antimicrobial peptides (AMPs) are attractive alternatives to antibiotics. Due to their immune modulatory properties, AMPs are at present emerging as promising agents for controlling inflammatory-mediated diseases. In this study, anti-inflammatory potential of an antimicrobial peptide, KLK (KLKLLLLLKLK) and its analogs was evaluated in lipopolysaccharide (LPS)-induced RAW 264.7 macrophages. The results herein demonstrated that KLK peptide as well as its analogs significantly inhibited the pro-inflammatory mediator nitric oxide (NO), interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) production in LPS-stimulated RAW 264.7 macrophages in dose-dependent manners, and such inhibitory effects were not due to direct cytotoxicity. When considering inhibition potency, KLK among the test peptides exhibited the most effective activity. The inhibitory activity of KLK peptide also extended to include suppression of LPS-induced production of prostaglandin E 2 (PGE 2 ). KLK significantly decreased mRNA and protein expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) as well as mRNA expression of IL-1β and TNF-α. Moreover, KLK inhibited nuclear translocation of nuclear factor-κB (NF-κB) p65 and blocked degradation and phosphorylation of inhibitor of κB (IκB). Taken together, these results suggested that the KLK peptide inhibited inflammatory response through the down-regulation of NF-κB mediated activation in macrophages. Since peptide analogs with different amino acid sequences and arrangement were investigated for their anti-inflammatory activities, the residues/structures required for activity were also discussed. Our findings therefore proved antiinflammatory potential of the KLK peptide and provide direct evidence for therapeutic application of KLK as a novel anti-inflammatory agent.
Introduction
Inflammation is a complex process that occurs in the body in response to endo-and exogenous stimuli. calculator (for isoelectric point (pI)) [22] . Helical wheel projections and hydrophobicity of all peptides were obtained using Heliquest [23] . These synthetic peptides were dissolved in their vehicle, dimethyl sulfoxide (DMSO; ! 99.5%, Sigma, France) and further diluted in culture medium to obtain desired concentrations.
Cell culture
The murine macrophage RAW 264.7 cell line was obtained from American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM; PAA, Pasching, Austria) supplemented with 10% (v/v) fetal bovine serum (Gibco, South America), 10 mM HEPES (HyClone, Utah, USA), 2 mM L-glutamine (PAA), 100 U/mL penicillin and 100 μg/mL streptomycin (PAA) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cell viability assay
Cell viability was assessed by the mitochondrial-dependent reduction method of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan [24] . Briefly, RAW 264.7 cells were seeded into a 96-well plate (Nunc™, Roskilde, Denmark) at a density of 1×10 5 cells/well and allowed to adhere for 1 h at 37˚C in a humidified atmosphere containing 5% CO 2. The cells were then treated with various concentrations of each peptide (1, 5, 10 and 25 μg/mL) or vehicle. Cells without the test peptide served as untreated control. After 48 h, 20 μL MTT solution (5 mg/mL; Sigma, St. Louis, MO, USA) was added to each well and incubated for another 3 h. After removing the supernatant, 100 μL of DMSO was added to the cells to solubilize the formazan crystals. The optical density (OD) was measured at 540 nm using a microplate reader (Rayto RT-2100C, China). Percentage of cell viability was calculated using an equation: (OD of treated cells/ OD of untreated cells) × 100.
Determination of NO and PGE 2 production RAW 264.7 cells at 1×10 5 cells/well were stimulated with 1 μg/mL LPS (Escherichia coli 0111:
B4; Sigma, St. Louis, MO, USA) in the presence or absence of various concentrations of the test peptide and then incubated at 37˚C in 5% CO 2 for 48 h. Indomethacin (10 μM; Sigma, St. Louis, MO, USA) was included as a positive control. Where appropriate, cells were preincubated with the test peptide for 1 h, and washed three times with sterile PBS before incubation with LPS (1 μg/mL; Sigma). Culture supernatant was collected and the nitrite (a stable breakdown product of NO) accumulated in culture supernatant was then determined by the Griess reagent system (Promega, Madison, USA). Briefly, 50 μL of culture supernatant was mixed with an equal volume of 1% sulfanilamide in 5% phosphoric acid. After incubation for 10 min at room temperature, 50 μL of 0.1% N-1-napthylethylenediamine dihydrochloride was added and incubated for another 10 min at room temperature. The absorbance was measured at 540 nm using a microplate reader (Rayto RT-2100C, China) and nitrite concentrations were determined using a sodium nitrite standard curve. The PGE 2 levels in culture medium were quantified by enzyme-immunoassay (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Cytokine assays
The pro-inflammatory cytokines (IL-1β and TNF-α)were determined by sandwich enzymelinked immunosorbent assay (ELISA). RAW 264.7 cells (1×10 5 cells/well) were seeded into a 96-well microtiter plate (Nunc™) and stimulated with LPS (1 μg/mL; Sigma) in the presence or absence of each peptide at different concentrations. After 72 h of incubation, the culture supernatant was collected and cytokine concentrations measured using ELISA MAX™ Deluxe Set (BioLegend, San Diego, CA, USA), following the manufacturer's protocol.
Reverse transcription polymerase chain reaction (RT-PCR)
RAW 264.7 cells were seeded into a Nunc™ 6-well plate (2×10 6 cells/well) and stimulated with LPS (1 μg/mL; Sigma) in the presence or absence of KLK peptide (5, 10 and 25 μg/mL). After 18 h incubation at 37˚C in 5% CO 2 , total RNA was extracted using TRIzol 1 reagent (Invitrogen) and RNA concentration measured by Nanodrop spectrophotometer (NanoDrop Technologies, USA). cDNA was synthesized from 2 μg of total RNA using Oligo-d(T) 18 primer and HelixCript™ Thermo Reverse Transcriptase kit (NanoHelix, South Korea) according to the manufacturer's protocol. The resulting cDNA (1 μL) was amplified using the following prim- 
LPS binding assay
The binding of KLK peptide to LPS was determined using a Thermo Scientific™ Pierce™ LAL chromogenic endotoxin quantitation kit. Briefly, 25 μL of the KLK peptide was added in duplicate to 25 μL of Escherichia coli 0111:B4 LPS (1.0 EU/mL final concentration) for 5 and 30 min at 37˚C, followed by incubation with 50 μL of Limulus Amebocyte Lysate for 10 min at 37˚C. Then, 100 μL of the chromogenic substrate; Ac-Ile-Glu-Ala-Arg-p-Nitroaniline was added. After incubation at 37˚C for 6 min, the reaction was stopped by the addition of 50 μL of 25% acetic acid and the OD read at 405 nm using a microplate reader. The amount of non-bound LPS was extrapolated from a standard curve, and the percentage of peptide binding to LPS calculated.
Statistical analysis
Data are presented as mean ± standard deviation (SD) of independent experiments. Statistical analyses were performed with two-tailed Student's t-test using the SPSS version 20 software (SPSS, Chicago, IL, USA). A P-value < 0.05 was considered statistically significant.
Results

Effect of KLK peptide and its analogs on cell viability
Prior to investigating the anti-inflammatory potential of the peptides, their cytotoxicity against RAW 264.7 macrophages was evaluated by an MTT assay. As shown in Fig 1 , viability of cells exposed to KLK peptide or its analogs was not significantly changed at any of the peptide concentrations (1-25 μg/mL) compared with the untreated control. MTT assay also showed no difference in cell viability between vehicle and untreated control. These results indicated that all the test peptides at the concentrations examined as well as the vehicle were not cytotoxic to RAW 264.7 macrophage cells.
Effect of KLK peptide and its analogs on NO production in LPSstimulated RAW 264.7 cells
To assess the potential anti-inflammatory activity of KLK peptide and its analogs, their effect on LPS-stimulated NO production was examined using Griess assay. As presented in Fig 2, nitrite concentration increased markedly in culture supernatant upon LPS stimulation compared with that of the untreated control. However, in the presence of the test peptides, substantial reduction in LPS-stimulated production of NO was observed and the effect appeared to be dose-related. Strong inhibitory effects were apparently detected when cells were exposed to the test peptides, even at the concentration as low as 1 μg/mL. At this concentration, KLK peptide was the most effective with the inhibitory rate of 91.00 ± 2.37%, followed by peptides KLK1, Effect of KLK peptide and its analogs on pro-inflammatory cytokine production in LPS-stimulated RAW 264.7 cells
To further evaluate the anti-inflammatory activity of KLK peptide and its analogs, their effects on the production of representative pro-inflammatory cytokines, IL-1β and TNF-α, in LPSstimulated RAW 264.7 cells were determined by sandwich ELISA. Fig 3 demonstrated that stimulation of RAW 264.7 cells with LPS resulted in increased IL-1β and TNF-α concentrations in culture supernatants, which were significantly reduced by treatment with the test peptides in a concentration-dependent manner compared with the supernatant from cells stimulated with LPS alone. Although all the test peptides exhibited significant inhibitory effects on LPS-stimulated production of IL-1β ( Fig 3A) and TNF-α (Fig 3B) , their individual potency varied. Among which, KLK peptide exerted the most potent inhibitory activity, with the IC 50 values of 6.24 ± 0.23 μg/mL and 0.62 ± 0.002 μg/mL for IL-1β and TNF-α, respectively. Decreased IL-1β production to the concentration that was comparable (P > 0.05) to the untreated control was also noted with KLK treatment at 10 and 25 μg/mL. Inhibitory activities were less pronounced for peptides CYCKLK, KLK1 and SSKLK; IC 50 values of 8.83 ± 1.31 μg/mL and 0.91 ± 0.07 μg/mL, 11.03 ± 2.85 μg/mL and 1.35 ± 0.03 μg/mL, and 36.79 ± 1.64 μg/mL and 1.79 ± 0.01 μg/mL, for IL-1β and TNF-α, respectively. KLK2 peptide showed the least inhibitory effect; IC 50 values > 25 μg/mL and 1.84 ± 0.02 μg/mL, for IL-1β and TNF-α, respectively. According to the results obtained, the KLK peptide was selected for subsequent studies.
Effect of KLK peptide on PGE 2 production in LPS-stimulated RAW 264.7 cells PGE 2 is another inflammatory mediator that plays an important role in the inflammatory response. The involvement of KLK peptide in the production of this mediator was also investigated. As demonstrated in Fig 4, KLK peptide significantly inhibited (P < 0.01) LPS-induced PGE 2 production in a dose-dependent manner. It is noted that KLK peptide at 25 μg/mL inhibited PGE 2 production by 88.66 ± 0.01%; this was in similar level (P > 0.05) to that of a COX-2 inhibitor, indomethacin.
Effect of KLK peptide on iNOS, COX-2, IL-1β and TNF-α mRNA expression in LPS-stimulated RAW 264.7 cells
To understand whether the KLK peptide affected LPS-induced activation of iNOS, COX-2, IL-1β and TNF-α mRNA expression, a semi-quantitative RT-PCR was performed and the results are shown in Fig 5. Expression of iNOS and COX-2 mRNA was noticeably increased after RAW 264.7 was exposed to LPS (1 μg/mL) for 18 h. However, expression of LPS-induced iNOS and COX-2 mRNA was significantly decreased on treatment with the KLK peptide in a dose-dependent manner. This was also the case for IL-1β and TNF-α mRNA expression in that LPS treatment caused markedly increase in IL-1β and TNF-α mRNA expression, which was significantly inhibited by the increasing concentrations of the KLK peptide.
Effect of KLK peptide on iNOS and COX-2 protein expression in LPSstimulated RAW 264.7 cells
Next, to investigate the influence of KLK peptide on expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2 proteins, Western blot analysis was performed.
As demonstrated in Fig 6 , RAW 264.7 cells treated with LPS displayed a markedly induced expression of iNOS and COX-2 proteins, while the KLK peptide significantly reduced LPS- induced iNOS and COX-2 protein expression in a concentration-dependent manner. Of note, the KLK peptide at 25 μg/mL suppressed the iNOS protein expression to a level close (P > 0.05) to that of unstimulated cells.
Effects of KLK peptide on LPS-induced degradation and phosphorylation of IκB and nuclear translocation of the NF-κB in RAW 264.7 cells
To better demonstrate the mechanisms involved in the inhibitory effect of the KLK peptide on LPS-induced inflammatory mediators, protein expression of nuclear factor (NF)-κB p65 in the cytosolic and nuclear fractions as well as degradation and phosphorylation of inhibitor of κB (IκB)-α were examined by Western blotting. It was found that NF-κB p65 was less expressed in the cytosol and strongly expressed in the nuclear fraction after the exposure to LPS alone (Fig 7A) . However, expression of NF-κB p65 protein in the nuclear fraction was significantly attenuated by treatment with the KLK peptide in a concentration-dependent manner, suggesting that the KLK peptide inhibited the translocation of NF-κB p65 from the cytosol to the nucleus (Fig 7A) . Since the nuclear translocation is preceded by the degradation and phosphorylation of IκB-α, the effect of KLK peptide on expression of the IκB-α subunits was also assessed. The results in Fig 7B showed that LPS stimulation dramatically accelerated the degradation of IκB-α and, under the same condition, increased its transformation to p-IκB-α. Treatment with the KLK peptide, however, dose-dependently reversed these effects. It is noticeable that phosphorylation of IκB-α was almost completely blocked with treatment of the KLK peptide at 25 μg/mL.
Binding studies of KLK peptide to LPS
To investigate whether the ability of KLK peptide to inhibit LPS-induced signaling was due to KLK-LPS binding, experiments were performed in which RAW 264.7 cells were pre-treated with the KLK peptide for 1 h and then thoroughly washed to remove exogenous peptide. The cells were subsequently stimulated with LPS and pro-inflammatory mediator (NO) measured in cell-free supernatant after 48 hr. The results in Fig 8 showed that removal of exogenous KLK peptide prior to LPS stimulation did not alter the ability of the KLK peptide to inhibit the pro-inflammatory effect of LPS. In contrast, the anti-inflammatory effect of a known LPS binding inhibitor PMB was significantly affected by the washing. These results suggested that the action of KLK peptide is not through binding to LPS. An additional assay using a sensitive chromogenic LAL kit was also performed to confirm this observation, and no LPS binding activity of the KLK peptide was evidently observed, even at 25 μg/mL peptide concentration (S1 Table) .
Discussion
This study investigated the action of KLK peptide and its analogs on LPS-induced macrophage inflammation. The results herein showed that KLK peptide as well as its analogs significantly inhibited the pro-inflammatory mediator NO, IL-1β and TNF-α secretion induced by LPS in RAW 264.7 macrophage cells, and such inhibitory activities were not related to direct cellular cytotoxicity. Of the peptides evaluated, KLK peptide appeared to be the most effective; the greatest inhibition potency toward LPS-induced production of NO, IL-1β and TNF-α was clearly seen upon treatment with the KLK peptide. Notably, reduced NO and IL-1β production to the concentrations comparable to that of the untreated control was evident, suggesting the capability of the KLK peptide to restore inflammatory phase to a normal state. KLK peptide also suppressed PGE 2 production in LPS-stimulated macrophages, and this further strengthened the powerful inhibitory action of the KLK peptide. Since NO, IL-1β, TNF-α and PGE 2 are key mediators regulating inflammation, and that the KLK peptide inhibited all these crucial inflammatory mediators, our results therefore demonstrate the anti-inflammatory potential of the KLK peptide. Principally, the inflammatory mediators are regulated primarily at the mRNA level via the involvement of transcription factors, in particular NF-κB [26] . In the resting state, NF-κB exists in the cytoplasm as an inactive heterodimer (p50 and p65) and binds to IκB. Upon stimulation with specific stimuli, most notably LPS, IκB proteins are phosphorylated by IκB kinases (IKKs) and dissociated from NF-κB complexes [27] . The resulting free NF-κB subsequently translocates from cytosol to the nucleus, where it binds to cognate DNA binding sites in the promoter regions of target genes, and activates the transcription of inflammatory mediators such as iNOS, COX-2, IL-1β and TNF-α [27] . This study demonstrated that the KLK peptide inhibited nuclear translocation of NF-κB p65 (Fig 7A) and blocked degradation and Effects of KLK peptide on LPS-induced activation of NF-κB in RAW 264.7 macrophages. Cells were stimulated with LPS (1 μg/mL) in the presence or absence of KLK peptide. After 30 min incubation, the expression of cytosolic and nuclear protein fractions of NF-κB p65 (A) as well as IκB and its phosphorylated form (B) was detected by Western blotting. The results are presented as mean ± SD of three independent experiments. ##, P <0.01 and ###, P <0.001 compared with the untreated macrophages; *, P < 0.05; **, P < 0.01 and ***, P < 0.001 compared with the LPS-stimulated macrophage cells.
https://doi.org/10.1371/journal.pone.0183852.g007
Anti-inflammatory role of KLK peptide in LPS-induced macrophages phosphorylation of IκB-α (Fig 7B) . Also, decreased iNOS, COX-2, IL-1β and TNF-α mRNA expression was observed after treatment with the KLK peptide (Fig 5) , and this correlated directly with those of protein expression (Fig 6) . Collectively, our results verified that the inhibitory activity in LPS-induced inflammatory mediator NO, IL-1β, TNF-α and PGE 2 production by KLK peptide is mediated through the inhibition of NF-κB activity. Owing to its important role in regulating inflammatory responses, NF-κB has been an emerging target for controlling inflammation [28, 29] . In this context, the KLK peptide would represent a promising therapeutic for treatment of inflammatory diseases involving NF-κB activation.
Many AMPs exert their anti-inflammatory effects through LPS-neutralizing activity [30, 31] . The present results for the KLK peptide, however, indicated that the observed antiinflammatory activity is not simply due to LPS neutralization, as removal of exogenous KLK peptide prior to LPS stimulation did not abolish its inhibitory activity, and the LAL assay did not show any evidence activity for LPS-binding after incubation of KLK with LPS. It has been reported that the LPS-binding activity of AMPs depends mainly on net positive charge and hydrophobicity [32] . The net charge of KLK peptide is +4, and helical wheel projection of this peptide showed dispersed, interrupted hydrophobic amino acids (Fig 9) . The fact that the hydrophobic face comprising a minimum of 5 uninterrupted hydrophobic amino acid residues is necessary for binding of the negatively charged LPS [33] [34] [35] , we propose that the lack of LPS-binding activity observed in this study might be related to the dispersity of hydrophobic amino acids in the KLK peptide. In addition to non-LPS neutralization, our results from preincubation of peptide and removal of excess unbound peptide also suggested that KLK peptide could act via blocking the TLR4/LPS interaction. Another possibility is that the KLK peptide may penetrate macrophages and subsequently interfere with signaling molecules in the inflammatory pathway to inhibit inflammation. A range of AMPs have been recognized as cell-penetrating peptides and have also been reported to be capable of inhibiting NF-κB signaling and Anti-inflammatory role of KLK peptide in LPS-induced macrophages suppressing inflammation [36, 37] . Further investigations are required to verify these possible mechanisms of action. Nevertheless, our results would provide a unique property of a peptide with anti-inflammatory potential, and support previous observation that the ability of peptides to block LPS-induced responses does not rely exclusively on the ability to bind to LPS [37, 38] .
In the present study, KLK peptide and analogs were evaluated for their anti-inflammatory activities. Assessment of anti-inflammatory activity through a series of peptides with different amino acid sequences and arrangement would provide an understanding of the residues/ structures required for such activity. Although all the peptides in this study exhibited antiinflammatory activities, varied potency among individuals was obviously seen. The KLK peptide exerted the strongest anti-inflammatory activity, while its C-terminally truncated forms (KLK1 and KLK2) showed a reduction in activity. Of particular note, a dramatic decrease in inhibitory activity was demonstrated with the KLK2 peptide. Compared to the parent KLK peptide, KLK1 and KLK2 peptides lacked lysine (K), and leucine-lysine (LK) amino acid residues, respectively. When considering the structure of the peptides, helical wheel projection also revealed that the KLK peptide, but not its truncated forms, has helical symmetry (Fig 9) . Taken together, these observations indicated the importance of C-terminal L and K residues for efficient anti-inflammatory action, and their presence in the peptide sequence generates a structural arrangement most favorable for inhibitory activity. Consistently, the importance of the C-terminal KLK motif in the KLK peptide has also been reported for other biological activities including anti-microbial activity and neutrophil activation [15, 17] . To further determine whether structural modification such as disulfide bonds and cyclization affected the antiinflammatory activity, the SSKLK (cysteine residues added to both N and C-terminal ends) and CYCKLK peptides were additionally synthesized. Disulfide bonds and cyclization have been described to be involved in bioactivities of numerous peptides [39] [40] [41] [42] . Although SSKLK and CYCKLK peptides elicited anti-inflammatory activity, these two analogs had far less activity than the parent KLK peptide, suggesting that such structural changes may not be essential for improvement of the inhibitory activity. In light of these observations, our findings are of significance, providing valuable evidence for peptide design and development as future therapeutics. Helical wheel diagram of KLK, KLK1 and KLK2 peptides. The helical wheel projection was performed using online program of the HeliQuest: http:// heliquest.ipmc.cnrs.fr [23] . The yellow color represents hydrophobic amino acids and blue color represents the basic residues.
https://doi.org/10.1371/journal.pone.0183852.g009
Conclusions
Our results provide the first evidence that the KLK peptide exerted potent anti-inflammatory activity by efficiently inhibiting the crucial inflammatory mediators in LPS-stimulated macrophages without exhibiting cytotoxicity. These inhibitory effects involved the down-regulation of the NF-κB activation pathway. All these properties make the KLK peptide a promising molecule for the development of a novel anti-inflammatory agent. Since the KLK peptide possesses antimicrobial activity, this peptide would also be advantageous for the treatment of infectious inflammation.
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